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Introduction

Ultra-deep removal of sulfur from diesel fuel is important for
environmental protection and fuel cell applications (1,2). The
current hydrodesulfurization technology is difficult to reduce the
sulfur content in diesel fuel to less than 10 ppmw, because the
remaining sulfur compounds in the current commercial diesel fuel are
the refractory sulfur compounds, the alkyl dibenzothiophenes with
one and/or two akyl groups at the 4- and/or 6-positions (1,3,4). On
the other hand, the conventional hydrodesulfurization technology has
to be operated at high temperature and high pressure with hydrogen,
resulting in high cost for the ultra-deep hydrodesulfurization.
Selective adsorption desulfurization is a promising technology for the
ultra-deep desulfurization of diesel fuel. We are exploring a new
approach at Penn State called selective adsorption for removing
sulfur (PSU-SARS), for ultra-deep removal of sulfur from liquid
hydrocarbon fuels (1, 2, 5-11).

The major challenge to our proposed approach is to selectively
adsorb sulfur compounds onto the surface of the solid adsorbent but
leave the coexisting hydrocarbons including aromatic and olefinic
hydrocarbons as well as saturated hydrocarbons, untouched. On the
other hand, for the industrial applications one of the key pointsin the
adsorptive desulfurization process is to develop the adsorbent that
can be regenerated easily. We envision that the interaction between
the sulfur compounds and the adsorption sites on the adsorbent
should be selective and suitable in strength. The too strong
interaction between them will cause a difficulty in the subsequent
regeneration process, while the too weak interaction probably results
in a low adsorption selectivity and low capacity. In the present
approaches we attempted to devel op a metal -sulfide-based adsorbent
that not only can selectively adsorb the sulfur compounds but also
can be easily regenerated without using hydrogen gas.

Experimental

Two model diesel fuels (MD-1 and MD-2) were used in the
present study. MD-1 contains the same molar concentration (3.9
mmol/L) of dibenzothiophene (DBT), 4-methyldibenzothiophene (4-
MDBT) and dimethyldibenzothiophene (4,6-DMDBT), and 1-
methylnaphalene (1-MNA). MD-2 contains only one sulfur
compound, DBT. The total sulfur concentration in MD-1 and MD-2
is 486 and 200 ppmw, respectively. MD-1 and MD-2 also contain 10

wt% of n-butylbenzene for mimicking the aromaticsin the real diesel.

The detailed composition of the model diesel fuelsislisted in Table 1
and 2. The sulfur compounds and hydrocarbons contained in the fuels
were purchased from Aldrich without further treatment before use.
The adsorbent used in the present study was Adsorbent-6, which
was prepared from CoMo oxides supported on y-alumina (CoMoly-
Al,Og; CoO: 3wt%; MoO3: 14wt%; Surface area: 183 m?g; Pore
volume: 0.4755 ml/g; Average pore size: 102 A). CoMaly-Al,O5 was
sulfided at 350 °C with 10 vol % H,S in H, at a flow rate of 200
mi/min for 4 h. The sulfided CoMoly-Al,O; was cooled to room
temperature under the same atmosphere, and then, kept into hexane
before use. Adsorbent-6 was obtained by treating the sulfide CoMoly-
Al,O; with H, at 300 °C for 60 min. About 2 g of the sulfided

CoMoly-Al,O3; was parked into a stainless steel column with internal
diameter of 4.6 mm and length of 150 mm. The adsorbent bed
volume was 2.49 ml. H, gas was passed through the column at
ambient pressure and a flow rate of 20 ml/min. After the treatment,
the column temperature was reduced to the assigned temperatures for
the adsorption.

The adsorption experiments were performed at ambient pressure
without using H, gas. The model diesel fuel was fed into the column
and flowed up through the adsorption bed. The flow rate was 0.2
mi/min, corresponding to a LHSV of 4.8 h™. The treated model fuel
was collected for analysis. The regeneration of the spent adsorbents
was accomplished by washing the adsorbent with a polar solvent
followed by heating the adsorbent to remove the remaining solvent.
The polar solvent was pumped through the adsorbent bed at 60 °C
and aLHSV of 4.8 h. After washing, the adsorbent bed was heated
to 300 °C under a nitrogen flow at 20 mi/min for 1 h, and then, was
cooled to the assigned temperature for the subsequent adsorptive
desulfurization.

Analysis of concentration of sulfur compounds in the treated
MD-1 was performed by using GC with a capillary column, XTI-5
(Restek) 30 m x 0.25 mm x 0.25 um, and a flame ionization detector
(FID). An Antek 9000 Series Sulfur Analyzer (detection limit 0.5
ppmw) was used for determining sulfur concentration in the treated
MD-2.

Results and Discussion

Figure 1 shows the molar concentration of sulfur compounds
and 1-MNA at the outlet as a function of the effluent amount for the
adsorptive desulfurization of MD-1 over Adsorbent-6 at 50 °C. The
first break-through compound was 1-MNA with a break-through
point a 0.2 g/g (gram of MD-1 per gram of adsorbent) and a
saturation point at 1.6 g/g. The second one was 4,6-DMDBT with a
break-through point at 0.4 g/g. The concentration of 4,6-DMDBT
was kept below 0.2 mmol/l before the effluent amount reached 2.5
g/g, and then, increased quickly to the saturation point at 4.4 g/g.
Break-through point of 4-MDBT was at 2.5 g/g with a saturation
point at 5.0 g/g. The last bresk-through compound was DBT with a
break-through point at 3.5 g/g and a saturation point at > 5.5 g/g. It is
clear that Adsorbent-6 has much higher selectivity to adsorb DBTs
compared to aromatics represented by 1-MNA. Asis well known, 1-
MNA has a higher n-electron density on its aromatic ring than that of
DBTs (9), athough the aromatic ring size of the former is smaller
than that of the latter. It is clear that interaction between the S atom
and the adsorption sites plays an important role in the competitive
adsorption between DBTs and 1-MNA. From a comparison of DBT,
4-MDBT and 4,6-DMDBT, the adsorption selectivity increasesin the
order of 4,6-DMDBT < 4-MDBT < DBT, implying that the methyl
groups at the 4 and 6-positions inhibit the interaction between the S
atom and the adsorptive sites on the adsorbent, which results in the
decrease in the adsorption capacities of 4,6-DMDBT and 4-MDBT.

It should be noted the system we used is based on selective
adsorption, not reaction. No detectable biphenyls and
cyclohexylbenzenes type products were found in the effluent,
indicating that no HDS reaction takes place at such conditions.

Adsorption desulfurization of MD-2 over Adsorbent-6 was
conducted at 50 °C under ambient pressure. The total sulfur
concentration at outlet as a function of the treated MD-2 amount is
shown in Figure 2. When the treated MD-2 amount was less than 2.5
g/g, the sulfur concentration at outlet was less than 10 ppmw. After
2.5 g/lg of the effluent amount, the sulfur concentration increased
sharply with increasing the effluent amount. Adsorbent-6 was
saturated when the effluent amount reached about 8 g/g. The
adsorptive capacity corresponding to the break-through point at 10
ppmw sulfur level and the saturation point was 0.65 and 0.77
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milligram of sulfur per gram of adsorbent (mg-S/g-A), respectively. - able 1 Composition of MD-1 :
Adsorption desulfurization of MD-2 over Adsorbent—6 at 150 °Cwas ~ NO: Name Concentration

also conducted, but the performance was poorer than that at 50 °C. T . wt % mmol/| ppmw
This indicates that lower temperature is better for the adsorptive Sulfur compounds

desulfurization over this type of adsorbents, in contrast to the nickel- 1 DBT 0.095 3.93 165
2 4-MDBT 0.099 3.81 160

based adsorbents (12).
After regeneration of the spent adsorbent, the adsorption 3 46DMDBT 0.107 385 162
’ Tota Sulfur 11.59 4386

performance of the regenerated adsorbents was tested. The o

adsorption break-through curves for the regenerated adsorbents are g g_ﬁggﬂﬁggﬁi@e (98%) 8;3?1 385
shown in Figure 2 in comparison with the curve for the fresh 6 n-Hexadecane(99+%) 39.97

adsorbent. It shows clearly that the break-through curves for the 1st 7 n-Dodecane(99+%) 39.50
regenerated adsorbent and the 2nd regenerated adsorbent coincide 8 n-Tetradecane (99+%) 0.109

well with that for the fresh adsorbent, especialy when the treated 9 Decalin(99+%) 0.988

MD-2 amount is less than 4 g/g. The adsorption capacity 10 t-Butylbenzene(99%) 0.088

corresponding the break-through point at 10 ppmw sulfur level for

the 1st regenerated adsorbent and the 2nd regenerated adsorbent is Table 2 Composition of MD-2

0.65 and 0.66 mg-S/g-A, respectively. It implies that the spent

adsorbent can be regenerable, and almost all adsorption capacity in No. Name WE % Cor:]ifnnéﬁlon
the adsorbent can be recovered by our developed method. = By
_ _ 1 DBT (99+%) 0.115 4.84 200
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Figure 2. Break-through curves of MD-2 over fresh and regenerated
adsorbents at 50°C
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